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A two-photon excitable molecular probe for ﬂuoride, developed
based on a ﬂuoride-speciﬁc desilylation reaction, is demonstrated to
be useful for ﬂuorescent imaging of ﬂuoride ions in live zebraﬁsh by
one-photon as well as two-photon microscopy for the ﬁrst time.
Fluoride is added to drinking water to promote dental health
in some countries (water ﬂuoridation). There is consistent
evidence that water ﬂuoridation, however, results in the develop-
ment of dental ﬂuorosis.1 To prevent dental ﬂuorosis more
appropriate use of other ﬂuoride sources are recommended for
children. Fluoride is also found in many common household
products, including toothpaste and dietary supplements. Other
uses of ﬂuoride are as glass-etching and chrome-cleaning agents,
and insecticides and rodenticides. An acute intake of ﬂuoride
can cause gastric and kidney disorders, skeletal ﬂuorosis, and
urolithiasis in humans.2 Therefore, tools that allow us to detect
ﬂuoride in our environment as well as to monitor ﬂuoride in
living species are indispensable.
The ﬂuorescent analysis method has received continuing
attention owing to its highly sensitive and handy features as
well as its versatility for bioimaging purpose. Accordingly,
various ﬂuorescent probes for ﬂuoride have been developed in
recent years based on novel sensing strategies.3 Most of the
known ﬂuorescent probes for ﬂuoride are based on three
molecular interactions: hydrogen bonding between ﬂuoride
and NH hydrogen (amide, pyrrole, indole, urea and thiourea),4
boron-ﬂuoride complexation,5 and ﬂuoride mediated desilyla-
tion.6 The hydrogen bonding approach is essentially not eﬀective
in aqueous media because of the strong hydration propensity of
ﬂuoride ions. Also, the boron-ﬂuoride complexation approach is
not suitable for biological applications, owing to the cytotoxicity
and instability issues, in addition to the low selectivity in cellular
environments. The ﬂuoride mediated desilylation approach,
originally devised by Kim and Swager,6a can alleviate these
problems and thus has received growing interest recently. How-
ever, for bioimaging applications existing probes have drawbacks
to some extent, and so far only two probes have been evaluated
for the ﬂuorescent imaging of ﬂuoride in cells.6d,eConsidering the
widespread use of ﬂuoride in daily life, and, furthermore, its
implications in biological eﬀects, a ﬂuorescent probe that enables
the detection and imaging of ﬂuoride ions in living species is
highly demanded. Herein, we report such a probe that shows
high sensitivity and selectivity toward ﬂuoride ions, and,
furthermore, that allows two-photon ﬂuorescent imaging in
living species for the ﬁrst time.
Two-photon absorbing materials have drawn considerable
attention during the last decade for their potential applications
in optical imaging by two-photon microscopy (TPM), which
has several advantageous features over one-photon microscopy
(OPM) such as increased penetration depth, lower tissue auto-
ﬂuorescence and self-absorption, and very high resolution, in
addition to the reduced photodamage and photobleaching.7
Recently, we developed p-extended coumarins as novel two-
photon absorbing materials.8 One of the compounds, imino-
coumarin 1, emits at a longer wavelength with higher quantum
yield (585 nm, FF = 0.63) compared to acedan (501 nm, FF =
0.52) and coumarin 153 (548 nm, FF = 0.50), and has a good
two-photon absorption cross-section value (GM= 180). Based
on the unique two-photon absorbing property of 1, we are
exploring its precursors that would yield 1 through analyte-
speciﬁc chemical transformations. A variety of chemical trans-
formations have been creatively combined with ﬂuorogenic
materials to develop such ‘‘reactive’’ probes in recent years.9
Herein, we demonstrate that tert-butyldimethylsilyl (TBDMS)
ether P1 is a valuable probe that enables ﬂuorescent imaging of
ﬂuoride ions in a live vertebrate, zebraﬁsh (Scheme 1).
P1 can be readily synthesized starting from commercially
available naphthalene-2,7-diol.10 Experimental procedures
and characterization data are given in the ESI.w
P1 displayed one major absorption band centred at 460 nm
(Fig. S1, ESIw). When excited at 460 nm, the probe solution
barely emitted; however, upon treatment with ﬂuoride it emitted
strongly as iminocoumarin 1was produced (Scheme 1). Cleavage
of the TBDMS group and formation of 1 were monitored
by NMR titrations (Fig. S2, ESIw). Fluorescence titration of
the probe with F was carried out in a HEPES buﬀer solution
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(10 mM, pH 7.4) containing acetonitrile (20% by volume). Upon
addition of F, a signiﬁcant ﬂuorescence enhancement was
observed within 10 min and became saturated after 1 h (Fig. 1a).
The emission was identiﬁed to result from 1, by comparing it
with the emission from an authentic sample of 1; both samples
showed the same emission bands centred at 595 nm (Fig. S2, ESIw).
The ﬂuorescence response of the probe toward various other
anions was evaluated under the optimized conditions. Only F
induced emission change as already demonstrated by other






, SCN, and N3
)
did not interfere with the ﬂuoride-mediated desilylation
process even at 10 times higher concentration with respect to
that of F– (Fig. 1b and Fig. S3, ESIw). Cysteine (Cys) seems to
cause small interference to the sensing process, but did not
hamper the ﬂuorescence imaging of ﬂuoride in cells and living
species. Such a high selectivity of the probe toward F
demonstrates again the eﬀectiveness of the reaction based
approach that uses the strong aﬃnity of ﬂuoride ions toward
a silicone atom.
A good linear relationship between the ﬂuorescence inten-
sity and concentration of F was observed for a wide concen-
tration range (0–1600 ppm, Fig. S4, ESIw). On the basis of
the criterion of the signal-to-noise ratio of more than three
(S/N Z 3), the limit of detection of F with the probe was
estimated to be below 4 ppm, the allowed concentration level
in drinking water set by USEPA. This is a comparable value to
the lowest detection limit obtainable by known ﬂuorescence
probes.6d,e Also, P1 showed good stability for a wide range of
pH values, from 4 to 10 (Fig. S5, ESIw).
To further demonstrate the potential of P1 for ﬂuorescent
imaging of F in living species, we carried out imaging studies
with live B16F10 cells by both one- and two-photon micro-
scopy. P1 showed low toxicity to the cultured cells in the wide
concentration range of 10–200 mM, as determined for B16F10
cells using the CCK-8 method (Fig. S6, ESIw). Also, P1 is cell
permeable as shown below. Sample plates containing the cell
line, one treated with the probe only and the other treated with
both the probe and F– (treated with 20 mM NaF for 60 min),
were ﬂuorescently imaged by OPM and TPM. The red ﬂuores-
cence images of cells obtained by OPM clearly indicated
the presence of ﬂuoride (Fig. S7, ESIw). TPM images were
recorded under excitation at 880 nm with 40 mW laser power.
Under the excitation conditions, autoﬂuorescence is not detected
(Fig. 2a). From the cell line treated only with P1, very weak
ﬂuorescence is observable (Fig. 2b). In contrast, in the case of the
cell line treated with both P1 and F, bright red two-photon
images are evident from the cytosolic area (Fig. 2c).
On the basis of successful cell imaging experiments with P1,
next we investigated ﬂuorescence imaging of ﬂuoride ions in a
living vertebrate, 4-day-old albino zebraﬁsh. We monitored
distribution of ﬂuoride ions in the zebraﬁsh for three diﬀerent
Scheme 1 Sensing scheme of ﬂuoride with P1.
Fig. 1 (a) Fluorescence response of P1 (20 mM) toward F (NaF,
20 mM) in pH 7.4 buﬀer (10 mM HEPES containing 20% CH3CN)
obtained under excitation at 460 nm. Each spectrum was recorded at
3, 5, 7, and 10–60 min (5 min interval after 10 min) after mixing together.
Left inset: photos of P1 in the solution before and after treatment with
F. Right inset: a plot of ﬂuorescence intensity, estimated as the peak
height at 595 nm, depending on time. (b) Relative ﬂuorescence intensity
data obtained for a mixture of P1 (20 mM) and each of the anions
(20 mM as Bu4N
+ salts, 20 mM Cys, and 1 mg mL1 BSA) in pH 7.4
buﬀer (10 mM HEPES containing 20% CH3CN), measured after 1 h
under excitation at 460 nm (The ﬂuorescence intensity was estimated as
the peak height at 595 nm; error bars were obtained from 3 times
experiments): (A) P1, (B) F, (C) Cl (D) CN, (E) Br, (F) I,
(G) NO3





, (N) Cys, and (O) BSA.
Fig. 2 Two-photon ﬂuorescent images of B16F10 cells (mouse skin
cancer cell line). All images were recorded under excitation at 880 nm.
(a) Images of B16F10 cells only; (b) image of B16F10 cells incubated
with P1 (20 mM) in PBS buﬀer for 30 min at 37 1C; (c) image of
B16F10 cells incubated with P1 (20 mM) for 30 min at 37 1C followed
by treatment with 20 mMNaF in PBS buﬀer for 60 min at 37 1C. Scale
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parts depending on the incubation time of the probe and
ﬂuoride (Fig. S8, ESIw). First, we examined zebraﬁsh treated
only with P1 (20 mM) depending on the incubation time, by
looking at the speciﬁc depth where we could detect a maximum
ﬂuorescence for each part of the ﬁsh (head, abdomen, and tail
parts). As P1 itself shows slight ﬂuorescence, we can observe
only weak or negligible ﬂuorescence depending on the parts
(Fig. S8d, ESIw). When these probe-treated samples were
incubated further with ﬂuoride (5 mM), bright ﬂuorescence
was observed for all the parts (Fig. S8e, ESIw). These results
indicate that ﬂuoride ions are distributed throughout the whole
body of the zebraﬁsh. A stronger intensity was observed in the
abdomen and tail parts for 2 h incubated samples compared
with the 30 min incubation one, while ﬂuorescence increase in
the head part is apparent after 4 h incubation (Fig. S9, ESIw).
As we used diﬀerent zebraﬁsh for each data set (total 18
zebraﬁsh), such a comparison of ﬂuorescence intensity gives
a qualitative picture for the distribution of ﬂuoride ions. Fig. 3
shows a side view of zebraﬁsh by OPM and accumulated
ﬂuorescence images for three selected parts by TPM. The collected
TPMﬂuorescent images (Fig. 3a–f) show ﬁne patterns between the
bones (dark) and ﬂesh area (bright), which indicates that penetra-
tion of ﬂuoride into bones is slow within the given incubation
period. Video clips show more clear images, which are given in
the ESIw (Fig. S10–S12).
In summary, a novel two-photon excitable molecular probe
for ﬂuoride has been developed and demonstrated to be useful
for ﬂuorescent imaging of ﬂuoride in a live vertebrate for
the ﬁrst time. A precursor of a p-extended iminocoumarin
thus prepared undergoes a ﬂuoride-mediated desilylation to
produce a two-photon absorbing iminocoumarin with excel-
lent analyte selectivity and sensitivity. The probe enabled us
to ﬂuorescently image the presence of ﬂuoride ions in cells as
well as in the whole body of zebraﬁsh in a spatial and time-
dependent manner by two-photon microscopy.
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Fig. 3 Accumulated TPM ﬂuorescent images for the three parts of
zebraﬁsh: (a–c) incubated only with probe P1 (20 mM) for 30 min at
29 1C; (d–i) incubated with probe P1 (20 mM) for 30 min followed by
with F (5 mM) for 120 min at 29 1C: (a–f) intensity data; (g–i)
ﬂuorescence images of d–f. Each image was constructed by image
stacking for 0–350 mm depth, with a 2 mm imaging depth step. Scale
bar: 50 mm. View area: 300 mm  300 mm.
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